Given that multiple ciliary-disease genes encode basal-body-associated proteins, one potentially powerful approach for identifying additional basal-bodySummary localized ciliary-disease genes is to determine the protein composition of centrioles that have matured into Background: The centriole is one of the most enigbasal bodies. matic organelles in the cell. Centrioles are cylindrical, Direct proteomic analysis of centrioles has not premicrotubule-based barrels found in the core of the cenviously been reported. In a clever and innovative strategy trosome. Centrioles also act as basal bodies during into define cilia and centriole-related genes, comparativeterphase to nucleate the assembly of cilia and flagella. genomic analyses were previously used to determine There are currently only a handful of known centriole genes conserved in species that have cilia and flagella proteins.
We thus set out to identify centriolar proteins by purishowed a large number of paired centriole structures, indicating that the ultrastructure was maintained during fying and isolating basal bodies (i.e., centrioles) from Chlamydomonas. Our proteomic analysis of these isothe preparation. It is also apparent from the negativestain images that the isolated basal bodies are not surlated basal bodies provides the first opportunity to reveal the specific parts of the centriole. This will help rounded by any significant quantity of pericentriolar material. Two-dimensional gel electrophoresis analysis elucidate the function and properties of this unique organelle, which has remained mysterious for more than indicates that the preparations contained at least 100 proteins ( Figure 1E ), consistent with previous estia century.
mates [10] . No contamination by flagella or microtubules was obResults served in our immunofluorescence analysis ( Figure 1D ). We noted that the final peak basal-body fraction, along Isolation of Chlamydomonas Basal Bodies with most other fractions in the gradient, was slightly We developed, based on a previously published protogreen in color, suggesting chloroplast contamination. col [9], a procedure for isolating Chlamydomonas basal This was expected a priori, given that the majority of bodies, as detailed in the Supplemental Experimental the Chlamydomonas cell volume is occupied by the Procedures available with this article online. Chlamydochloroplast. However, the green color (chloroplast) was monas cells first were deflagellated and then lysed in spread over the entire length of the gradient and was detergent. Basal bodies were then enriched from this not visibly enriched in the peak basal-body fraction. lysate via two rounds of velocity sedimentation in This wide distribution of chloroplast is in contrast to the sucrose step gradients [9], followed by equilibrium cenbasal bodies themselves, which were highly enriched trifugation in a continuous gradient of Nycodenz.
in just a few adjacent fractions ( Figure 1A ). As illustrated in Figure 1 , this procedure was effective in enriching basal bodies from the crude lysate. Overall enrichment was estimated by immunofluorescence Proteomic Analysis of Isolated Basal Bodies We analyzed the protein composition of the peak basalanalysis of fractions spun down onto coverslips. We estimate the overall basal-body enrichment relative to body fraction from the Nycodenz gradient by using MudPIT (multidimensional protein identification techtotal protein to be on the order of 6000-fold (Table S1 ). Enrichment of centrioles in the peak fraction was connology), a mass-spectrometry-based method in which complex mixtures of proteins can be analyzed without firmed by Western-blot analysis with antibodies against acetylated tubulin, a tubulin isoform that is highly enprior electrophoretic separation [11]. Mass-spectrometry data were used to match individual peptides to preriched in centrioles ( Figure 1C) . Examination of the isolated basal-body preparation by immunofluorescence dicted gene models in the Chlamydomonas genome sequence. In addition to analyzing the composition of and negative-stain electron microscopy ( Figure 1D ) As the graph indicates, the peak centriole fraction contains the majority of known centriole proteins, whereas none were found in either control fraction. Chloroplast and mitochondria were major components of the two control fractions and were also found in the peak fraction.
the peak centriole fraction, we also analyzed two neighfore conclude, based on Figure 2 , that the peak fraction is specifically enriched for basal-body/centriole proboring fractions from the final Nycodenz gradient in orteins and that the two other organelles, chloroplast and der to determine which proteins are unique to the peak mitochondria, that were present in the peak fraction fraction and which represent contamination with organwere less enriched in the peak than in the neighboring elles or structures that fortuitously migrated near the control fraction 1. Consistent with the fact that flagellar basal-body peak. Proteins that were detected in the peak axonemes were not observed in immunofluorescence fraction but that were also present in either of the analysis of the peak fraction ( Figure 1D ), we did not neighboring control fractions were removed from the detect any flagellar dyneins or radial-spoke proteins in peak fraction protein list, a subtractive proteomic stratthe peak centriole fraction or either of the two control egy that has proven effective in other studies of comfractions. plex organelle isolations [12] . The gene models corre-
The following known Chlamydomonas centriole prosponding to detected peptides in the peak fraction teins were found in the peak basal-body fraction (Table (after subtraction) and the two neighboring control frac-S2) but not in the control fractions (Table S3) [21] . Both α-and β-tubulin were present per protein and the spectral count divided by the prein large quantities in the peak fraction, although these dicted protein mass. The latter number is a more accuwere not scored as centriole specific in Figure 2 berate predictor of protein quantity in the mixture [13] .
cause they are present throughout the cell in addition We confirmed the degree of centriole enrichment by to being present in centrioles. determining the percentage of known protein compoIn addition to the protofilament ribbon (pf-ribbon) nents of various cellular substructures or pathways components tektin and Rib43a, which have previously identified in each fraction that was analyzed. As ilbeen shown to be components of microtubule doublets lustrated in Figure 2 , the peak basal-body fraction is and triplets found in flagella and in centrioles/basal highly enriched in centriole proteins as judged from the bodies, we also recovered a third known pf-ribbon profact that 73% (8 out of 11) of known Chlamydomonas tein, Rib72, plus a Rib72-related protein. Because centriole proteins were detected in the peak fraction.
Rib72 presumably coincorporates into the same axoNeither of the neighboring control fractions displayed nemal substructures as tektin and Rib43a, both of this enrichment in their protein lists. As predicted from which are also present in centrioles, it is likely that the green color observed during the purification proRib72 and Rib72-like are also centriolar; hence, their cedure, all three fractions contained a substantial prorecovery in this analysis further confirms the detection portion of the known chloroplast proteins tabulated in of bona fide centriole proteins. In addition to centrin our validation data set. However, compared to the two (VFL2p), we also identified two additional centrin homocontrol fractions, the peak basal-body fraction actually logs related to centrin-2 and centrin-3, which are centrihad a smaller fraction of known chloroplast proteins. ole associated in animal cells. Another protein idenMitochondria were also detected as a significant contified in the peak fraction was a Chlamydomonas taminating organelle in the peak fraction by this bioinhomolog of the centrin binding protein SFI1 [22] . formatics-based classification approach. Proteins involved in translation, membrane trafficking, fatty-acid Cross-Validation of Candidate Centriole Proteins synthesis, glycolysis, and the actin cytoskeleton were
The enrichment of known centriole proteins in the proteomic data from the peak basal-body fraction leaves only minor contributors to all three samples. We there-us with the task of determining which of the remaining proteins are likely candidate centriole proteins as opposed to contaminants. As a first step toward this classification, we cross-validated our centriole-proteome candidate list by comparing it to lists of proteins derived from previously published comparative-genomics studies of genes conserved in species that have centrioles [4, 7] as well as to proteomic analyses of human centrosomes [8] and cilia [23, 24] . We also compared our protein list to the products of genes identified in a recent genome-wide transcriptional analysis of gene expression during flagellar regeneration in Chlamydomonas [25] . Previous studies have indicated that several proteins that localize to basal bodies are encoded by genes that are transcriptionally upregulated during flagellar regeneration in Chlamydomonas. Such upregulation was first shown for genes that encode flagellar proteins, but some encode basal-body proteins. Genes that have previously been shown to be upregulated and that encode basal-body proteins include BBS5 (BardetBiedl syndrome), which encodes a protein localized to ciliary basal bodies in humans [4], and DIP13 [16] , which was identified in our proteomic analysis of the peak basal-body fraction.
A protein was considered to be cross-validated as a candidate centriole protein if it was detected in our proteomic analysis of isolated basal bodies and also scored positive for one or more of the following criteria: (a) conserved among species with centrioles (i.e., pre- (Table S4) . known to localize within flagella (listed in Table S5 ), only Figure 3A shows the overall composition of the peak three, tektin, Rib43a, and Rib72, were also found in the basal-body fraction, with proteins classified based on centriole-proteome data. These three are components their annotations in the Chlamydomonas genome and of pf-ribbon structures that are shared between centriwith the cross-validation criteria outlined above taken ole microtubule triplets and flagellar microtubule into account. Proteins for which convincing homology doublets, and thus they are expected in both strucis lacking and for which no cross-validation data are tures. Because none of the strictly flagellar proteins available were considered "unknown." As illustrated in were found in the centriole proteome, it is likely that the Figure 3A fore are considered to be potential candidates for core structural components of the centriole itself.
(basal-body proteins with upregulated genes). These proteins were identified in our centriole/basal-body Centriolar Localization of Four Cross-Validated Centriole Candidate Proteins proteome and are encoded by genes that are upregulated during flagellar assembly (Table 1) 
